Sandgren J, Scholz TD, Segar JL. ANG II modulation of cardiac growth and remodeling in immature fetal sheep. Am J Physiol Regul Integr Comp Physiol 308: R965-R972, 2015. First published March 25, 2015 doi:10.1152/ajpregu.00034.2015.-ANG II increases fetal blood pressure and stimulates fetal heart growth; however, little is known regarding its direct effects on cardiomyocytes in vivo. We sought to determine whether ANG II stimulates heart growth and cardiomyocyte hypertrophy and/or hyperplasia in utero in the immature fetal heart independent of the effects on cardiac afterload. In twin gestation, fetal sheep at ϳ100 days gestation (term 145 days), one fetus received a chronic (6 days) infusion of ANG II alone (50 g·kg Ϫ1 ·min Ϫ1 ) or ANG II plus nitroprusside (NTP) to attenuate the increase in blood pressure; noninstrumented twins served as controls. ANG II alone, but not ANG II ϩ NTP resulted in a significant increase in heart mass (left and right ventricle ϩ septum, corrected for body weight) compared with controls. ANG II, but not ANG IIϩNTP, also significantly increased cardiomyocyte area compared with control and increased the percentage of binucleated myocytes. ANG II with or without concomitant infusion of NTP increased cardiac PCNA expression, a marker of proliferation. Steady-state protein expression of terminal mitogen-activated protein kinases, cyclin B1, cyclin E1, and p21 were similar among groups. We conclude that in vivo, ANG II increases fetal cardiac mass via cardiomyocyte hypertrophy, differentiation, and to a lesser extent hyperplasia. The effects of ANG II on hypertrophy appear dependent upon the increase in blood pressure (mechanical load), whereas effects on proliferation are load-independent.
STUDIES OF THE FETAL SHEEP heart, long used as a model of human cardiac development, demonstrate marked changes of the myocardium during the last one-third of gestation. In addition to developmental changes in vascularity and myocyte myofibrillar and mitochondrial content, there is a marked increase in the number of cardiomyocytes within the heart, as well as a transition from mononucleated to binucleated (terminally differentiated) myocytes (19, 38) . In the sheep heart, the transition from mononucleated to binucleated cells begins around 100 days of gestation (term ϳ145 days), such that, at term, ϳ70% of cardiomyocytes are binucleated, or terminally differentiated (19) . Both humoral and hemodynamic forces influence cardiac growth and cardiomyocyte proliferation and maturation, although mechanisms governing the normal heart growth process are not well understood (6, 10, 16 -18, 26, 37) . Regulation of this developmental process is essential, given that cardiomyocyte endowment is essentially determined by birth and that postnatal proliferative capacity is limited. Disruption of this process, with resultant underendowment of the heart with myocytes, as may occur with fetal hypoxia or undernutrition, may increase susceptibility to cardiac failure later in life (4, 21, 22) . Thus, understanding perinatal influences on heart growth and the biological mechanisms regulating cardiomyocyte proliferation and transition to a terminally differentiated state is important.
In the adult heart, ANG II has direct effects on cardiac function and structure, inducing several growth-promoting genes, protein synthesis, and cell growth (32, 35) . In the mature heart, infusion of ANG II stimulates the development of cardiac hypertrophy independently of effects on blood pressure (8, 20) , whereas blockade of the renin-angiotensin system (RAS) with a converting-enzyme inhibitor or an ANG II type 1 (AT 1 )-receptor antagonist attenuates the development of pressure overload-induced hypertrophy and inhibits many of the molecular and cellular adaptations to pressure-overload states (29, 30) . The responsiveness of the immature myocardium to ANG II is less well studied. In vitro, ANG II stimulates fetal cardiomyocyte proliferation, but not hypertrophy (39) . In vivo, infusion of ANG II results in late-gestation fetal cardiomyocyte proliferation and hypertrophy; however, whether this is a direct or indirect effect, resulting from increased blood pressure and mechanical load is not known (26) . Therefore, we sought to determine whether ANG II stimulates heart growth and cardiomyocyte hyperplasia and/or hypertrophy in the immature fetal heart independent of the effects of cardiac load. Fetal sheep were directly infused with ANG II at 100 days of gestation to target the transition from mononuclear to binucleated (terminally differentiated) cardiomyocytes in the fetal heart (19) . Coinfusion of the vasodilator sodium nitroprusside (NTP) was utilized to normal blood pressure during ANG II administration. We found that fetal ANG II infusion increased cardiomyocyte binucleation and also resulted in increased fetal heart mass via cardiomyocyte hypertrophy. These effects were attenuated by NTP administration, suggesting mechanical forces are responsible for the effects of ANG II on the fetal heart.
MATERIALS AND METHODS
Ethical approval. All procedures were performed within the regulations of the Animal Welfare Act and the National Institutes of Health's "Guide for the Care and Use of Laboratory Animals" and were approved by the University of Iowa Animal Care and Use Committee. Time-bred pregnant ewes of mixed Dorset-Suffolk breed with twin fetuses were obtained from a local supplier and acclimated to the laboratory over several days.
Animals and surgical preparation. Pregnant ewes at 97 days gestation (term 145 days) with twin fetal pregnancies were used for the study (n ϭ 18 ewes). Anesthesia was induced with 12 mg/kg of thiopental sodium (Pentothal Sodium; Abbott Laboratories, Abbott Park, IL) and maintained with a mixture of isoflurane (1-3%), oxygen (30%), and nitrous oxide. Under sterile conditions, the uterus was opened, the fetal head was exteriorized, and the indwelling catheters were placed in the right carotid artery and jugular vein (BB3175-V/5, 0.86-mm internal diameter; Scientific Commodities, Lake Havasu City, AZ). Fetal blood gases were monitored throughout the surgery following catheter placement. A catheter for measurement of amniotic pressure was secured to the fetal skin, and the uterus was closed in two layers. Control fetuses were not instrumented to avoid a second uterine incision and inadvertent manipulation of the first fetus that would increase the risk for loss of the surgical preparation. Maternal flank incisions were closed in separate layers, and all catheters were exteriorized through a subcutaneous tunnel and placed in a cloth pouch on the ewe's flank. Ampicillin sodium (Wyeth Laboratories, Philadelphia, PA) was administered intra-amniotically at the completion of surgery (2 g) and to the ewe prior to surgery (2 g) and daily for 3 days. Pregnant ewes were returned to individual pens and allowed free access to food and water. Butorphanol (0.1 mg/kg iv; Torbugesic; Fort Dodge Animal Health, Fort Dodge, IA) was given for 24 h postoperatively for analgesia. Animals were allowed 24 h after surgical preparation before physiological measurements began.
Experimental protocol. Physiological measurements were taken 24 h after surgical preparation. Ewes were confined to stanchions each day for recording of fetal physiological measurements and were afforded free access to food and water. Fetal pressures were recorded with Transpac pressure transducers (Abbott) on a calibrated computerized system (MacLab, ADInstruments, Colorado Springs, CO; Apple, Cupertino, CA). Fetal arterial pressures were referred to amniotic fluid pressure and reported as arithmetic mean from computer tracings. Fetal heart rate was monitored with a cardiotachometer triggered from the arterial pressure wave. Arterial blood samples were obtained for determination of blood gases and pH (Gem Premier 3000, Instrumentation Laboratory, Bedford MA). After the initial fetal monitoring period (day 0), catheterized fetuses received either a continuous infusion of ANG II (50 g·kg Ϫ1 ·min Ϫ1 ; Sigma-Aldrich, St. Louis, MO) for 6 days or a coinfusion of ANG II (50 g·kg Ϫ1 ·min Ϫ1 ) and NTP (Sigma-Aldrich, starting dose of 5 g·kg Ϫ1 ·min Ϫ1 ) using a battery-operated Pegasus VARIO micropiston pump (Instech Lab, Plymouth Meeting, PA). Physiological measurements were obtained daily for 6 days. The dose of NTP was adjusted daily to maintain MABP at day 0 values. Nitroprusside doses ranged from 5 to 15 g·kg Ϫ1 ·min Ϫ1 over the duration of the study. Tissue collection. On the 7th postoperative day, ewes were again anesthetized with general anesthesia, the fetuses were exteriorized, and administered heparin (5,000 U iv) and saturated potassium chloride (10 ml iv) to arrest their hearts in diastole. Fetuses were weighed, and their hearts were removed. In a subset of fetuses (n ϭ 5 for each group), the hearts were dissected into anatomical components, and each component was weighed and immediately frozen in liquid nitrogen. For the remaining fetuses (n ϭ 4 for each group), fetal hearts were enzymatically dissociated on a Langendorff apparatus, and the cardiomyocytes were fixed for morphometric analysis, as previously described (19) . Ewes were euthanized by an intravenous administration of pentobarbital sodium and phenytoin sodium (120 mg/kg barbiturate, euthasol solution; Virbac, Fort Worth, TX).
Cardiac dissociation and cardiomyocyte analysis. For determination of ploidy, cells were stained with hematoxylin and eosin, and no fewer than 300 myocytes from each ventricle of each fetus were analyzed at ϫ40 magnification on a light microscope (Zeiss Axiophot, Bartels and Stout, Bellevue, WA) to determine the number of nuclei per cardiomyocyte. For cell morphology, long-axis (length) and maximal cross-sectional diameter (width) dimensions and area of cardiomyocytes were measured, as previously described (26) . Fixed myocytes were prepared in a wet mount with methylene blue and were selected for measurement, according to a random, nonrepeating, and unbiased method employing a counting frame. Myocytes were photographed at ϫ40, and photomicrographs were immediately analyzed using calibrated Optimas software (Optimas, Seattle, WA) and ImageJ software (http://rsbweb.nih.gov/ij/). At least 100 mononucleated cells were measured per ventricle per fetus. Because of the paucity of binucleated cells, cardiomyocyte morphometry was unable to be reliably performed on this cell population.
Quantitative immunoblot. Immunoblots were performed as described previously to quantify protein expression in left ventricle tissues (27) . Cardiac samples were homogenized and then sonicated in a buffer containing soybean trypsin inhibitor, leupeptin, and PMSF in 50 mM Tris, 10 mM EDTA, 150 mM NaCl, and 0.1% mercaptoethanol. Cellular debris was removed by centrifugation, and samples were quantified spectrophotometrically. Protein was separated by SDS-PAGE and transferred to nitrocellulose membranes. These were blocked for 1 h in 5% nonfat milk, and then incubated with primary antibodies overnight at 5°C. Bound antibody was detected by incubation with infrared-labeled secondary antibodies (IRDye 800 or IRDye 700 700DX, Li-Cor Biotechnology, Lincoln, NE). Blots were read and quantified on a Li-Cor Odyssey Imaging System (Li-Cor Biotechnology). All immunoblots were performed in duplicate with the results for each sample being averaged. Primary antibodies included antibodies from Santa Cruz Biotechnology (Santa Cruz, CA) specific to total ERK1/2 (sc-93), phosphorylated ERK1/2 (sc-7383), total JNK1/2 (sc-1648), phosphorylated JNK1/2 (sc-6254), from Cell Signaling Technology (Beverly, MA) specific to AKT (9272), phosphorylated AKT (9275), PCNA (2586), cyclin B1 (4135), cyclin E (4129), and p21 (2978).
Data analysis. All values are presented as means Ϯ SE. Statistical comparisons were performed by Student's unpaired, two-tailed t-test or ANOVA with a post hoc Tukey test when the F statistic was found to be significant. A value of P Ͻ 0.05 was considered significant.
RESULTS
A total of 36 fetuses from 18 pregnant ewes were studied, with nine fetuses receiving a continuous infusion of ANG II, nine fetuses receiving a coinfusion of ANG II and NTP, and 18 fetuses serving as twin-matched controls. Infusion of ANG II produced a significant increase in fetal mean arterial pressure from 37 Ϯ 1 on day 0 to 50 Ϯ 1 mmHg on day 6 (Fig. 1) . No significant change in heart rate was identified over this period of time. Because we did not catheterize control fetuses, hemodynamic data are not available for comparison. However, other investigators have reported fetal baseline blood pressure of 37-38 mmHg and heart rates of 182-191 beats per minute (bpm) at a similar gestational age (2, 41) . Coadministration of NTP with ANG II was also accompanied by an increase in blood pressure, although significantly less than with ANG II alone (Fig. 1) . No change in heart rate was detected over time during administration of NTP and ANG II, although heart rate was significantly higher in this group compared with ANG II-alone fetuses. Rate pressure product (HR ϫ mean arterial blood pressure), a measure of workload on the myocardium, increased above day 0 values in ANG II and ANG II ϩ NTP animals, although the increase was significantly greater in ANG II-infused fetuses (Fig. 1) . Arterial pH and blood gas values remained relatively stable in both groups during the duration of the study.
Fetal weight was similar among groups, while absolute ventricular weight [left ventricle (LV) free wall ϩ right ventricle (RV) free wall ϩ septum] and ventricle-to-body weight ratio were significantly increased in ANG II-infused animals compared with twin controls (Table 1) . ANG II resulted in increased LV and RV mass, as evidenced by the increase in LV/body weight and RV/body weight ratios. In contrast, fetuses receiving a coinfusion of ANG II ϩ NTP demonstrated no increase in LV, RV, or total ventricle weight compared with control twins. Left and right ventricular cardiomyocyte area and width were significantly increased in ANG II-infused fetuses compared with twin controls, alhough no difference in cardiomyocyte length was identified (Fig. 2) . There was no statistically significant difference in left or right ventricular cardiomyocyte dimensions between ANG II ϩ NTP-infused fetuses and twin controls. The percentage of binucleated cardiomyocytes (a marker of terminal differentiation) was significantly increased in the LV and RV of ANG II-infused fetuses compared with controls, but not significantly affected in ANG II ϩ NTP-infused animals (Fig. 2) .
To determine whether MAPK or PI3K/AKT pathways are activated in the early-gestation fetal heart in response to increased systolic load, resulting from prolonged ANG II infusion, we measured the steady-state protein levels of total and phosphorylated (activated) ERK, JNK, and AKT in left ventricular myocardium (Fig. 3) . No significant differences in the level of any of these proteins were identified among groups. Levels of cell cycle regulator proteins cyclin E1 and B1 and the cyclin-dependent kinase inhibitor p21 were also unchanged by infusion of either ANG II alone or ANG II ϩ NTP. However, PCNA, a marker of cell proliferation, was significantly increased by ANG II infusion in the absence and presence of NTP coinfusion.
DISCUSSION
In previous studies in late-gestation fetal sheep, we demonstrated that a 5-7-day continuous infusion of ANG II, which significantly increased fetal mean blood pressure by 15-20 mmHg, resulted in increased cardiac mass via cardiomyocyte hypertrophy and proliferation (26, 36) . However, in these studies, we were unable to differentiate the mechanisms by which ANG II affects cardiomyocytes. More specifically, we could not separate the direct effects of activation of cardiac ANG receptors from indirect effects on the heart by changes in cardiac mechanical load. Furthermore, the studies were done at a developmental time point when the fetal heart is composed of both mononucleated cardiomyocytes, capable of proliferation, hypertrophy, and terminal differentiation and binucleated cardiomyocytes, which are already terminally differentiated and only capable of hypertrophy. In the present study, we similarly found that ANG II infused in fetal sheep at a developmental stage when the heart is almost entirely composed of mononucleated cardiomyocytes increased fetal cardiac mass, cardiomyocyte area, and proliferation. However, in fetuses receiving a coinfusion of NTP to attenuate the ANG II-mediated increase in blood pressure, cardiac mass and cardiomyocyte area were similar to control fetuses, although expression of PCNA, a marker of proliferation remained elevated. These findings suggest that increases in fetal cardiac mass and cardiomyocyte area resulting from exogenous ANG II are dependent upon increased cardiac load and not a direct effect of ANG II upon cardiomyocytes. On the other hand, cardiomyocyte proliferation may result from a direct effect of ANG II upon the heart. Previous studies have found that fetal hypertension or increases in cardiac mechanical load results in cardiac growth (16 -18, 26, 37) . Banding of the late-gestation fetal sheep pulmonary artery, which increased mean pulmonary artery pressure by ϳ24 mmHg for 10 days resulted in right-ventricle myocyte enlargement and increased percentage of binucleated cells, consistent with cardiomyocyte hypertrophy and maturation (1) . Banding of the proximal aorta immediately distal to the ductus arteriosus in late-gestation fetal sheep similarly led to an increase in cardiac mass (28) . Preductal banding of the aortic arch in midgestation fetal sheep, which resulted over time in obstruction of the isthmic aorta, produced an increased left ventricular mass 27-37 days after surgery (33) . These authors concluded that a biphasic response was present, with initial cardiomyocyte hypertrophy (Ͻ30 days following banding) followed by hyperplasia (Ͼ30 days following banding). Their conclusions regarding hyperplasia stem from the increase in cardiac mass in the absence of evidence of increased cardiomyocyte size. Markers of proliferation were either similar among groups (PCNA expression) or not identified (Ki67 antigen). Induction of hypertension in late-gestation fetal sheep by daily plasma infusion also resulted in significantly increased heart weights and identified two phases of cardiomyocyte growth and maturation (16) . After 4 days of hypertension, cell cycle activity and cardiomyocyte area increased, whereas after 8 days, a marked increase in cellular binucleation was also observed, along with increased cell cycle activity and hypertrophy. Interestingly, reduced systolic pressure load resulting from angiotensin-converting enzyme inhibition slowed fetal heart growth by decreasing cardiomyocyte hyperplasia. Taken together, these studies demonstrate the responsiveness of the fetal heart to prevailing blood pressure and cardiac mechanical load and suggest that the developmentally regulated changes in systemic vasoregulatory tone (40) may, in part, modulate physiological cardiac growth and maturation.
Study of the direct effects of ANG II on isolated cardiomyocytes from fetal, neonatal, and adult hearts reveals clear developmental differences (34) . In embryonic chick cardiomyocytes, ANG II acts through classical signal transduction pathways of G protein-coupled receptor to stimulate hypertrophy (11) . In contrast, in neonatal rodent cardiomyocytes, ANG II-mediated hypertrophic effects are dependent upon stimulation of NADPH oxidase and activation of p38 MAPK, in addition to activation of ERK via a PKC-dependent pathways (3, 12, 25) . In isolated fetal sheep cardiomyocytes, 48-h exposure to ANG II stimulates hyperplastic, but not hypertrophic, growth via an ERK-dependent mechanism (39). We similarly found that, in vivo, ANG II stimulates fetal cardiomyocyte proliferation, as determined by increased PCNA expression, independent of the effects of systemic hemodynamics although ERK was not activated (see below). On the other hand, ANG II-induced increased cardiac mass and cardiomyocyte hypertrophy and terminal differentiation appeared to result from an indirect effect via cardiac mechanical load.
Despite a growing understanding of the pathological changes that occur in the fetal heart with alterations in load, the molecular mechanisms regulating these changes remain poorly defined. We recently utilized gene expression arrays to explore changes in the late-gestation fetal cardiac transcriptome associated with ANG II-induced increased cardiac mass (26) . Chief among the biological pathways identified as highly impacted by fetal RAS modulation are those involved in cytoskeletal remodeling, transcriptional regulation, and cell cycle activity. However, the ability to discern biological pathways regulating cardiomyocyte hyperplasia from those of hypertrophy was limited by the mixed population (mononucleated and binucleated) of cardiomyocytes present in the fetal heart during late gestation. The present study allowed us to examine the response to a hypertrophic/hyperplastic stimuli in a more homogeneous population of cardiomyoctyes. Although a transcriptome approach was not taken, we did explore MAPK and AKT signaling pathways, which have been implicated in regulating cardiac modeling in a variety of models and studies. No differences in the expression of terminal MAPK proteins or activated AKT among groups were identified. However, we recognize our study measured this outcome at a single time point and did not allow for determination of earlier and perhaps transient changes in expression of signaling proteins.
We chose NTP infusion as an approach to attenuate the increase in blood pressure caused by ANG II administration because of the need to carefully titrate fetal hemodynamics and because of limited vasodilator alternatives. Specifically, we opted against adrenergic receptor antagonists because of known direct effects on the myocardium (14) . Nitroprusside functions as a vasodilator by releasing nitric oxide (NO) and has a short half-life, allowing dose adjustment to modulate blood pressure. The majority of the effects of NO are mediated through stimulation of soluble guanylate cyclase, with resultant increases in cGMP. cGMP then exerts its physiological actions via a number of cGMP-regulated pathways, many of which are present in cardiomyocytes, in addition to vascular smooth muscle (13) . Endogenous nitric oxide appears to exert antihypertrophic effects, as overexpresson of myocardial endothelial NOS (eNOS) attenuated the development of pressure overload hypertrophy in adult rats, whereas inhibition of eNOS-derived NO formation induced cell growth and p38 MAPK activation (42) . eNOS-deficient mice with chronic pressure overload resulting from aortic constriction exhibit enhanced LV hypertrophy compared with wild-type, while restoration of eNOS protein and activity in cardiomyocytes of eNOS-deficient mice attenuated LV hypertrophy (5, 31) . Finally, supplementation of L-arginine, the substrate for NOS, reduced LV hypertrophy in spontaneously hypertensive rats, and rats treated with the ␤-agonist isoprenaline (23) . However, whether exogenous NO (such as that derived from sodium NTP infusion) has a direct effect on cardiomyocytes, is unclear. Endogenous NO production in cardiomyocytes is highly compartmentalized (24) as a result of NOS localization within the same subcellular component as soluble guanylate cyclase. Because of the high myoglobin content of cardiomyocytes, which acts as a scavenger of NO, NO diffusion distances within myocytes are likely limited (9, 13) . Thus, the direct impact of sodium NTP on cardiomyocytes in vivo has not been fully elucidated. Additionally, desensitization to NO donors, as determined by guanylate cyclase activity, occurs in rat cardiomyocytes following prolonged (24 h) exposure to low-dose NTP (7) . Studies are required to determine whether the prolonged administration of NTP has a direct effect of myocardial remodeling.
Workload on the myocardium, as measured by rate pressure product (RPP), increased in both groups of ANG II-infused fetuses, although to a far lesser extent in animals coinfused with NTP. It is possible that more distinct morphological and molecular differences between the ANG II and ANG IIϩNTP group would exist if the increase in RPP in the ANG II ϩ NTP fetuses could have been avoided. The increase in RPP in ANG II ϩ NTP fetuses relates primarily to the significantly greater heart rate in this group. Reasons for this relative tachycardia are unclear, as MABP also increased slightly in these animals, although the latter may be related to effects of ANG II on baroreflex function (15) .
Because of normal maturational changes in gene expression and signaling pathways and the different populations of cardiomyocytes in immature and mature fetuses, our findings regarding the effects on ANG II on the heart may not be applicable at other time points. We should also acknowledge additional limitations of the study include possible toxic effects of cyanide and thiocyanate, products of sodium nitroprusside metabolism. Cyanide may limit oxygen utilization by inhibiting cytochrome-c oxidase, although no metabolic acidosis was seen in fetuses administered nitroprusside. Thiocyanate toxicity typically results in constitutional symptoms, which we could not assess. It is likely that cyanide and thiocyanate are cleared, to a certain extent, across the placenta into the maternal circulation as transplacental passage of metabolites is evident when sodium nitroprusside is administered to the mother.
In summary, our studies indicate that ANG II indirectly induces cardiac growth, cardiomyocyte hypertrophy, and maturation in early-gestation fetal sheep primarily through loaddependent mechanisms. ANG II also has a direct effect on cardiomyocyte proliferation, although the degree of proliferation is not sufficient to significantly increase cardiac mass. Additional studies of the developing myocardium are necessary to delineate the signaling pathways regulating physiolog-ical and pathological cardiomyocyte hypertrophy and proliferation and to further understand cardiac health implications of altered myocyte endowment.
Perspectives and Significance
We have studied the physiological mechanisms by which ANG II increases fetal sheep heart mass. We observed that ANG II infusion stimulates cardiomyocytes hypertrophy and promotes binucleation (terminal differentiation) primarily through effects on increasing mechanical load, whereas effects on proliferation are independent of hemodynamics. Elucidation of pathological processes affecting the fetal heart is necessary to identify and ultimately ameliorate risks for cardiac disease later in life.
